Abstract. Diagnosis of dengue virus (DENV) infection in fatal cases is challenging because of the frequent unavailability of blood or fresh tissues. For formalin-fixed, paraffin-embedded (FFPE) tissues immunohistochemistry (IHC) can be used; however, it may not be as sensitive and serotyping is not possible. The application of reverse transcriptionpolymerase chain reaction (RT-PCR) for the detection of DENV in FFPE tissues has been very limited. We evaluated FFPE autopsy tissues of 122 patients with suspected DENV infection by flavivirus and DENV RT-PCR, sequencing, and DENV IHC. The DENV was detected in 61 (50%) cases by RT-PCR or IHC. The RT-PCR and sequencing detected DENV in 60 (49%) cases (DENV-1 in 16, DENV-2 in 27, DENV-3 in 8, and DENV-4 in 6 cases). No serotype could be identified in three cases. The IHC detected DENV antigens in 50 (40%) cases. The RT-PCR using FFPE tissue improves detection of DENV in fatal cases and provides sequence information useful for typing and epidemiologic studies.
INTRODUCTION
Dengue virus (DENV), a member of the family Flaviviridae, genus Flavivirus, consists of four serologically related but antigenically distinct serotypes designated DENV-1, 2, 3, and 4. These viruses are transmitted to humans primarily by Aedes aegypti and Aedes albopictus mosquitoes. 2 Infection with DENV generally causes a mild, febrile illness or classic dengue fever that can progress to the severe disease forms, dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), which can be fatal. 3, 4 The prevalence of DENV infection has increased in recent decades and dengue has emerged as the most important arboviral infection in humans. Over the past 50 years, because of rapid uncontrolled urbanization, modulating climatic factors, expansion of Ae. aegypti in urban environments, and increasing use of inter-continental air travel, DENV infection has expanded its geographical distribution to almost all tropical and subtropical countries and has become endemic in more than 100 countries in Africa, the Americas, the Eastern Mediterranean, Asia, and the Western Pacific, with as many as 2.5 billion people at risk of infection. [5] [6] [7] The World Health Organization (WHO) estimated that 50-100 million dengue infections occur annually worldwide resulting in 500,000 cases of DHF/DSS and about 25,000 deaths. 6 Effective surveillance and efficient control depend on timely and accurate laboratory diagnosis and serotyping. Currently, the main direct and indirect methods that are used to diagnose DENV infections are virus isolation, detection of dengue specific antibodies and antigens, and amplification of viral RNA. 8 Virus isolation using culture followed by indirect fluorescent antibody staining is often regarded as the "gold standard" in dengue diagnostics. 9 However, it is tedious, time-consuming, and requires cell culture and bio-containment facilities that are costly and difficult to maintain. Furthermore, it is not always successful because of small amounts of viable virus in specimens. 10 Conventional serologic methods usually require acute and convalescent-phase serum samples. Immunoglobulin M (IgM) enzyme-linked immunosorbent assay can be performed on a single serum sample but does not provide information about the serotype of the virus. The plaque reduction neutralization technique allows typing using paired sera but extensive cross-reactivity among the flaviviruses and dengue serotypes makes the identification difficult, particularly where multiple flaviviruses are circulating. 10, 11 Recently, DENV NS1 antigen detection assays have also been applied for the diagnosis of DENV in serum, [12] [13] [14] [15] and one very recent study also evaluated its usefulness for postmortem fresh tissues. 16 All these studies have shown that this can be a valuable approach, especially in the early phase of infection; however, NS1 assays may not be as sensitive as reverse transcription-polymerase chain reaction (RT-PCR), particularly for secondary infections in which pre-existing NS1 antibodies in the serum could inhibit the detection of NS1 antigen. 12, 14, 15 The RT-PCR is a rapid, sensitive, and specific technique and a number of PCRbased assays using serum and fresh tissue specimens have been described previously. 10, [17] [18] [19] One report also showed the detection of DENV by RT-PCR in formalin-fixed, paraffinembedded (FFPE) autopsy tissues of seven children 20 ; however, there is no study that has systematically evaluated the usefulness of RT-PCR for the detection of DENV in FFPE tissues of a large number of fatal cases.
In fatal cases, diagnosis of dengue can be difficult, often caused by the lack of acute and convalescent serum and fresh or frozen tissue specimens. Tissue specimens obtained at autopsy are routinely stored in formalin or as FFPE blocks. Tissue-based techniques such as histopathology and immunohistochemistry (IHC) are often performed on FFPE tissue specimens. 21 Dengue IHC can be used for diagnosis and localization of viral antigens in the tissues but it cannot correctly identify serotypes because of cross-reactivity among the serotypes. [21] [22] [23] [24] Identification of serotypes in fatal cases is particularly important to better understand the pathogenic potential of different serotypes and serotypes information can also be used for epidemiologic studies. [25] [26] [27] Therefore, a clear need exists for a rapid, sensitive, and specific assay such as RT-PCR for use with FFPE tissue to facilitate the clinical detection and typing of DENV in fatal cases. 
GI), and central nervous system (CNS).
Histopathology and immunohistochemical analysis. Routine hematoxylin-eosin stains were performed for histopathological evaluation. The IHC assay for DENV was performed on 3-μm sections of FFPE tissues using a polyclonal mouse anti-dengue antibody (Viral Special Pathogens Branch, CDC, Atlanta, GA) and the protocol that we described previously for other viruses 28 ; appropriate positive and negative controls were run in parallel.
RNA extraction. The RNA was extracted from FFPE tissue specimens of all study case-patients and controls using a phenol-chloroform extraction protocol. Briefly, one 10-μm paraffin section of tissue was placed directly into a sterile 1.5-mL microcentrifuge tube for each extraction. The section was deparaffinized by addition of 1.2-mL xylene and followed by two 100% ethanol washes to remove residual xylene. After the final wash, the ethanol was aspirated and the tissue pellet was air-dried for 15-20 min. The dried tissue pellet was resuspended in 150 μL of proteinase K digestion (PKD) buffer (QIAGEN, Valencia, CA) containing 10 μL of proteinase K (20 mg/mL) and incubated at 55 C for 15 min and then at 45 C overnight. The sample was then incubated at 80 C for 10 min and 550 μL of guanidium-based RLT lysis buffer (QIAGEN) was added to the digested sample. The RNA was separated from other cellular components using 700 μL of acid phenol: chloroform and spinning at 13,000 rpm for 15 min. The aqueous phase was transferred to a fresh tube and after the addition of 2 μL of linear acrylamide (Ambion-Applied Biosystems, Carlsbad, CA) as a carrier, one volume of isopropanol (Sigma-Aldrich, St. Louis, MO) was added and the sample was incubated at À20 C for 3 hours. The sample was then centrifuged at 13,000 rpm at 4 C for 30 min. The supernatant was removed and the pellet was dried out after washing with 75% ethanol. The RNA was resuspended in 20 μL of RNA storage solution (Ambion-Applied Biosystems, Inc.) and stored at À80 C until used.
RT-PCR assays. All patient samples were tested by a flavivirus-specific RT-PCR assay targeting the NS5 gene to detect DENV serotypes 1-4 and any other medically important flavivirus such as West Nile virus, yellow fever virus, Japanese encephalitis virus, St. Louis encephalitis virus in the samples. A DENV specific RT-PCR assay that can detect all 4 serotypes and targets the capsid (C) gene was also performed on the same samples for comparison. Primer sequences, gene targets, and amplification product sizes are summarized in Table 1 . Primer sequences for RT-PCR assays were published previously, 29, 30 and the primers were synthesized by Biotechnology Core Facility, CDC. The RT-PCR assays were modified to use with FFPE specimens. The RT-PCR assays were performed using the OneStep RT-PCR Kit (QIAGEN) and 5 μL of RNA template following the manufacturer's instructions. Amplification was carried out on a GeneAmp PCR System 9700 thermocycler (Applied Biosystems, Carlsbad, CA) and thermocycling conditions used for flavivirus RT-PCR assays were as follows: 1 cycle at 50 C for 30 min, 1 cycle at 95 C for 15 min, and then 40 cycles of incubation at 94 C, 54 C, and 72 C for 1 min each, followed by one cycle of final extension at 72 C for 10 min. Thermocycling conditions used for dengue RT-PCR were the same, except the annealing temperature was adjusted to 55 C. For RT-PCR assays, positive controls consisted of RNA extracted from FFPE blocks of cultured cells infected with DENV of known serotypes and with other flaviviruses (West Nile virus, yellow fever virus, Japanese encephalitis virus, and St. Louis encephalitis virus). The negative controls for dengue RT-PCR included RNA extracted from FFPE tissues of patients with culture and/or IHC-confirmed infections with West Nile virus, yellow fever virus, Japanese encephalitis virus, St. Louis encephalitis virus, and influenza A virus. Negative controls for flavivirus included RNA extracted from FFPE tissues of confirmed Enterovirus, Eastern and Western equine encephalitis virus, influenza A virus, Leptospira, and Rickettsia rickettsii infection cases. To monitor the quality of extraction and presence of PCR inhibitors, each sample was also tested for the amplification of the housekeeping gene 18S rRNA as described. 31 Sequencing of PCR amplification products. The amplification products were analyzed by electrophoresis in a 1.8% agarose gel containing ethidium bromide. All positive amplicons, targeting both the capsid and NS5 region, were extracted from the gel by using the QIAquick gel extraction kit (QIAGEN) and cycle sequenced by GenomeLab Dye Terminator Cycle Sequencing Quick Start Kit (Beckman Coulter, Fullerton, CA). The samples were sequenced on a CEQ 8000 XL sequencer (Beckman Coulter) and a search for homologies to known sequences was done using the nucleotide database of the Basic Local Alignment Search Tool (BLAST).
RESULTS
Dengue virus RNA or antigens were detected in 61 (50%) of 122 cases by RT-PCR or IHC or both tests. The characteristics of dengue-positive patients are summarized in Table 2 . The median age was 28 years (range 4 months to 68 years), 49% were males and 27% of patients were pediatric cases ( # 17 years of age). The median duration from illness onset to death was 6 days (range 1-25 days). All 4 DENV-positive cases in the continental United States had travel history to dengue-endemic countries including Mexico (2), Ecuador (1), and Saint Kitts islands (1).
Of 122 cases, 60 cases (49%) were positive by flavivirus RT-PCR assay, whereas 45 (36%) were positive by dengue RT-PCR assay. Dengue antigens were detected by IHC in 50 (40%) cases. As described in Table 3 , DENV was detected in 37 of 61 (60%) positive cases by all three assays, whereas in 57 (93%) cases DENV was detected by at least two assays. Fortynine (80%) of cases were positive by both RT-PCR and IHC. In 11 (18%) of 61 positive cases, DENV was detected only by RT-PCR assays and 1 case was found to be positive only by IHC. All RT-PCR positive cases generated correct sized amplicons as shown in Figure 1 and sequence analysis of amplicons confirmed the presence of dengue virus. Sequence analysis of the positive amplicons identified DENV-1 in 16 (26%) cases, DENV-2 in 27 (45%) cases, DENV-3 in 8 (13%) cases, and DENV-4 in 6 (10%) cases. No serotype could be identified in three cases because concentrations of amplified PCR products were not adequate for sequencing. The serotype results of the cases divided on the basis of geographical distribution are summarized in Table 4 . The correct serotypes were identified in all control DENV isolates RNA samples extracted from the tissue blocks by both DENV and flavivirus RT-PCR assays. No amplification product was detected in any negative control. The 18S rRNA housekeeping gene was amplified in all the samples, confirming the presence of amplifiable nucleic acids.
Ninety-four percent (51 of 54) of liver, 91% (22 of 24) of lung, 86% (13 of 15) of spleen, and 73% (17 of 23) of kidney tissue specimens from DENV-positive cases were positive for DENV by RT-PCR. No tissue specimens of heart, GI, and CNS tested positive by RT-PCR. By IHC, DENV antigens were primarily localized in the liver, kidney, spleen, and lung. 
DISCUSSION
With the recent increase in dengue outbreaks in various parts of the world, DENV infection continues to be a major public health problem. According to a WHO report, an estimated 500,000 people with DHF require hospitalization each year and about 2.5% of those affected die, a very large proportion of whom are children. 6 Fatalities can be higher in some countries caused by inadequate disease management facilities and without proper treatment DHF fatality rates can exceed 20%. 6 In addition, fatality rates reported in hospitalized patients can reach up to 50-60% in dengue patients with complications (acute renal failure, fulminant hepatitis, liver failure, and encephalopathy). [32] [33] [34] 
DIAGNOSIS AND TYPING OF DENGUE VIRUSES FROM ARCHIVED TISSUES
The increased prevalence of dengue infections worldwide in recent decades and the high mortality caused by DHF and DSS highlights the need for more sensitive and specific diagnostic assays such as RT-PCR for the detection and typing of DENV in fatal cases. Diagnosis of DENV infection in fatal cases often can be challenging because of the unavailability of serum and fresh or frozen specimens. Furthermore, in patients who die during the first week of illness, serology may have limited use because of low levels of IgM antibodies that cannot be detected by serological assays. 35, 36 On the other hand, in the early viremic stage of DENV infections patients may have higher viral loads. [37] [38] [39] Therefore, RT-PCR analysis of FFPE tissues, often the only specimens available for fatal cases, can be a useful adjunct to conventional diagnostic techniques, particularly in patients who die relatively soon after the disease onset. However, the application of RT-PCR for the detection of DENV in FFPE tissues has been very limited because of difficulties in extracting good quality RNA.
In the current study, we recovered RNA from archived FFPE autopsy tissues (some of which had been stored for more than 15 years) and showed that RT-PCR was a sensitive and valuable diagnostic tool for the detection and serotyping of DENV in FFPE tissues of fatal cases. Although RT-PCR and sequencing detected DENV in 60 (49%) cases of this series, IHC was able to detect DENV antigens only in 49 of these PCRpositive cases. Thus, in 11 (18%) cases dengue diagnosis was confirmed by RT-PCR only. The IHC negative results of these 11 cases may be due to less sensitivity of assay or clearance of viral antigens by the host immune response. 40 Therefore, this study underscores the importance of postmortem tissue analysis by combination of RT-PCR with IHC for the diagnosis of DENV and shows that this approach improves the detection of DENV in fatal cases.
Our data also showed that 15 out of 60 PCR-positive cases were negative by DENV RT-PCR but positive by flavivirus RT-PCR assay. Interestingly, 14 of these cases were recent DENV-1 cases from Puerto Rico. This may indicate that the flavivirus RT-PCR that targets the more conserved NS5 gene was able to detect this more recent and maybe variant strain of DENV-1, whereas DENV RT-PCR that targets the capsid region was not. Similarly, DENV antibody, which is also a broad spectrum polyclonal antibody and reacts with different dengue strains, also detected DENV in 12 of the dengue RT-PCR negative cases. Previous studies have shown that many variant strains exist within each DENV serotype. 41, 42 Furthermore, DENV, being a positive-strand RNA virus, has a high potential for mutation, resulting in nucleotide differences between genotypes and also within a genotype. 42 Therefore, to reduce the rates of false negatives, we recommend using more than one gene target for the PCR assays and selecting primers in the conserve regions of the viral genome for the detection of DENV. Additionally, using pan-flavivirus RT-PCR may also be useful for the identification of other flaviviruses in the samples, particularly from the countries where multiple flavivirus circulate.
Infecting serotype was identified for 95% (57 of 60) of DENV tissue RT-PCR-positive cases in our series. In 45% of the cases (27 of 60), DENV-2 was identified to be the cause of fatality. One possible reason for this may be that 13 out of 27 (48%) DENV-2 cases were from Puerto Rico where DENV-2 was the most prevalent serotype before the recent epidemic. On the other hand, some previous studies have also indicated that DENV-2 can cause more severe disease outcome. 43, 44 Moreover, the genotypes originating in Southeast Asia and the Indian subcontinent, which belongs to serotype 2 and 3, respectively, have been identified to cause more outbreaks of severe dengue disease. 41, [45] [46] [47] Although the host immune status can also play an important role in determining the outcome of infection, 35 the determination of the virus nucleotide sequences in the fatal cases can help to identify the origin and serotype of the infecting virus and its association with severe disease and fatality. Furthermore, we also observed that out of 36 dengue-positive cases from Puerto Rico, all the cases that occurred from 1998 to 2003 were DENV-3 cases. Other studies also reported the re-introduction of DENV-3 in 1998 in Puerto Rico after a 20-year absence. 48 Interestingly, all the cases that occurred from 2009 to early 2010 were DENV-1 cases and in more recent 2010 cases, DENV-4 was identified. This shows that even though the epidemiologic impact of retrospective tissue analysis may not be immediate and direct, such as for the identification of the circulating serotype during the outbreak, this approach can help to link some of the previously undiagnosed cases to the particular outbreaks and may be helpful to assess the true burden of the outbreak, and to a certain extent, in the phylogenetic analysis.
In this study, we detected both dengue viral antigens and RNA predominately in the liver and in lung, spleen, and kidney. Several previous studies also recognized liver as the major target organ in DENV pathogenesis. 17, 49, 50 Interestingly, in 28% (17 of 61) of DENV-negative cases, organism-specific IHC and/or PCR detected other pathogens (IDPB, CDC, unpublished data) including Leptospira, Streptococcus pneumoniae, Staphylococcus aures, 2009 pandemic H1N1 influenza A virus, and West Nile virus, which shows that clinical differential diagnosis of dengue-like syndrome can be extremely difficult and emphasizes the importance of postmortem tissue analysis of cases suspect to have DENV infection by histopathologic evaluation and other tissue-based techniques. However, availability of postmortem tissue for analysis is usually very limited because autopsies are not often performed, particularly in dengue-endemic regions, because of religious and cultural beliefs and bio-safety issues.
In conclusion, the data presented in this study shows that RT-PCR is a more sensitive and specific assay than IHC for the detection of dengue viruses in formalin-fixed tissue of fatal cases and provides sequence information that can be useful to facilitate typing and phylogenetic analysis, and may be also helpful to better characterize the pathogenic potential of distinct DENV serotypes. The RT-PCR on FFPE tissues can be a particularly valuable diagnostic tool in patients who die relatively soon after disease onset and for whom serology may be negative, and also when the FFPE tissues are the only specimens available. Thus, this approach can have important implications for dengue diagnosis and epidemiologic studies. In addition, combination of RT-PCR and IHC analysis of pathological specimens allows determination of tissue tropism and provides an insight into the pathogenesis of severe disease outcome.
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